Background: CYP46, the gene encoding cholesterol 24-hydroxylase, plays a key role in the hydroxylation of cholesterol and thereby mediates its removal from brain.
Participants: Fifty-five brain tissues from nondemented elderly patients for the histopathological studies; 38 patients with AD and 25 control subjects for the cerebrospinal fluid studies; 201 patients with AD and 248 control subjects for the genetic association studies.
Results: A polymorphism of CYP46 was associated with increased ␤-amyloid load in brain tissues as well as with increased cerebrospinal fluid levels of ␤-amyloid peptides and phosphorylated tau protein. Moreover, this CYP46 polymorphism was associated with higher risk of late-onset sporadic AD in 2 independent populations (odds ratio, 2.16; 95% confidence interval [CI], 1.41-3.32; PϽ.001). The additional presence of 1 or 2 apolipoprotein E ⑀4 alleles synergistically increased the risk of AD to an odds ratio of 9.6 (95% CI, 4.9-18.9; PϽ.001) as compared with 4.4 for apolipoprotein E ⑀4 alone (95% CI, 2.8-6.8; PϽ.001).
Conclusion: CYP46 influences brain ␤-amyloid load, cerebrospinal fluid levels of ␤-amyloid peptides and phosphorylated tau, and the genetic risk of late-onset sporadic AD.
Arch Neurol. 2003; 60:29-35 T HE CYP46 GENE encodes cholesterol 24-hydroxylase, the rate-limiting enzyme for cholesterol removal from the brain. [1] [2] [3] Cholesterol 24-hydroxylase mediates the hydroxylation of brain cholesterol to 24-hydroxycholesterol that can be transported readily through the blood-brain barrier. 4 Because depletion of brain cholesterol levels reduces the generation of ␤-amyloid peptides (A␤), 5, 6 and because cholesterol-lowering drugs may reduce the risk of dementia, 7, 8 we tested whether polymorphisms of CYP46 are associated with brain ␤-amyloid load in humans by measuring the sequential pattern of ␤-amyloid deposition in the medial temporal lobe. Brain ␤-amyloid deposits contain large amounts of A␤ 42 . Consequently, we next tested whether CYP46 genotypes affected levels of A␤ 42 in cerebrospinal fluid (CSF) obtained from patients with mild to moderate Alzheimer disease (AD).
Because A␤ 42 fibrils can cause the formation of neurofibrillary tangles 9, 10 composed of phosphorylated tau protein, and because such cholesterol-related brain diseases as Niemann-Pick type C are paralleled by hyperphosphorylation of tau, 11, 12 we measured CSF levels of tau phosphorylated at threonine 181 (phospho-tau 181) and stratified the sample according to the CYP46 genotypes.
Given the reported importance of brain cholesterol metabolism on A␤ production and phosphorylation of tau, CYP46 is a candidate gene for AD. In agreement with accepted recommendations for genetic association studies, 13, 14 we performed a case-control association study with 2 independent samples collected in Zurich, Switzerland, and in Southern Europe (Table 1) to study possible associations of CYP46 polymorphisms with AD. Herein we report that a genetic variation of CYP46 influences brain ␤-amyloid load, CSF levels of A␤ 42 and phosphorylated tau, and the genetic risk of late-onset sporadic AD.
METHODS

GENETIC SCREENINGS
Information on polymorphic sites was derived from the database of single nucleotide polymorphisms (SNPs) established by the National Center for Biotechnology Information (available at: http://www.ncbi.nlm.nih.gov/SNP/index.html). Five SNP candidates within the genomic region of CYP46 and 2 SNP candidates 1 centimorgan 5Ј to exon 1 of CYP46 were selected for genotyping ( Figure 1 ). Of these 7 SNP candidates, two, rs754203 and rs755814, were polymorphic in 100 chromosomes. The rs754203, predicting a T-to-C substitution 151 bases 5Ј to exon 3, was used for genotyping. The frequency of the minor allele of rs755814 was smaller than 1%. Therefore, rs755814 was not considered for further evaluation. The gene encoding ␣1-antichymotrypsin (SERPINA3) maps, like CYP46, to chromosome 14q32.1 and an SNP of SERPINA3 (rs4934) was previously associated with AD. 15 To rule out genetic associations due to the existence of linkage disequilibrium (LD), we studied the distribution of both rs754203 and rs4934. Both SNPs were genotyped by (Pyrosequencing AB, Uppsala, Sweden) (available at: http://www.pyrosequencing-.com) on a PSQ 96 machine (Pyrosequencing AB). Forward and reverse amplification primers for rs754203 were 5Ј-AAT GCA TGC TAC CAA AAG AG-3Ј and 5Ј-AAT CAT TTG ATT CCC AGG AC-3Ј, respectively. The reverse primer was biotinylated at the 3Ј end. For the sequencing primer, 5Ј-GGC AGA GCC TTG CCC-3Ј was used. Forward and reverse amplification primers for rs4934 were 5Ј-CAG AGT TGA GAA TGG AGA-3Ј and 5Ј-TTC TCC TGG GTC AGA TTC-3Ј, respectively. The reverse primer was biotinylated at the 3Ј end. For the sequencing primer, 5Ј-GGA GAG AAT GTT ACC TCT C-3Ј was used. Apolipoprotein E (APOE) genotyping was done by restriction fragment length polymorphism analysis. Informed consent was obtained from all participants, and the local human studies committees approved the study protocol.
NEUROPATHOLOGY
Neuropathological examinations were performed in the brains of 55 elderly individuals (mean age at death, 72.2 years; range, 60-91 years; 23 women). The DNA was extracted from the respective freshly frozen brain tissues by a standard protocol (Qiagen GmbH, Hilden, Germany). Antemortem clinical examinations showed absence of dementia signs as measured by the Clinical Dementia Rating Scale. 16 The brain tissue of these subjects was devoid of significant neuropathological abnormalities. Pathological findings of neurofibrillary tangles were excluded by Braak staging. 17 None of these 55 brains met the criteria of the Consortium to Establish a Registry for Alzheimer Disease (CERAD) for AD. The evolutionary phases (0-4) of ␤-amyloid load in the medial temporal lobes of these subjects were determined as described. 18 According to this immunohistochemistry-based staging, the medial temporal lobe serves as a model for the changes in the anatomic distribution pattern of different types of A␤ deposits occurring in the course of AD. In the first phase, diffuse nonneuritic plaques are present in the basal temporal neocortex, followed by fleecy amyloid deposits in the internal entorhinal layers and in the corpus ammonis 1 region of the hippocampus (phase 2). Phase 3 is characterized by A␤ deposits in the molecular layer of the fascia dentata, by bandlike A␤ deposits in the subpial portion of the molecular layer of both the entorhinal region and the temporal neocortex, and by confluent lakelike A␤ deposits in the parvopyramidal layer of the presubicular region. Diffuse and coreonly plaques in the corpus ammonis 4 region are features of the fourth phase.
In addition to the 55 brains from elderly individuals without AD pathological findings, amyloid staging was also done in 21 brains meeting CERAD criteria for definite AD (mean age at death, 81.4 years; range, 69-90 years; 13 women). All neuropathological evaluations were done in a blinded manner with respect to genotype.
GENETIC ASSOCIATION STUDIES
Genetic studies were conducted on 2 independent European populations: a hypothesis testing sample (n=183) and a hypothesis confirming sample (n=266). The clinical diagnoses of AD were made according to the criteria of the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association and were based on medical interview and results of physical examination, neuropsychological testing, brain magnetic resonance imaging or computed tomography, and blood and CSF tests. The control group (n=248) consisted of elderly individuals who were either the spouses of patients with AD or subjects recruited from the outpatient clinics of the participating institutions. Dementia and memory deficits in control subjects were excluded by neuropsychological testing, consisting of the CERAD neuropsychological test battery 19 and the MiniMental State Examination. 20 Only participants with a MiniMental State Examination score equal to or greater than 27 were included in the control group.
CSF MEASUREMENTS
The CSF was obtained by lumbar puncture in a subset of the participants of the genetic studies in Zurich, Switzerland. All participants gave informed written consent. Thirty-eight patients with AD (mean age, 70.1 years; 16 women) and 25 control subjects (mean age, 66.0 years; 7 women) were included. The CSF samples were aliquoted immediately on withdrawal at the bedside and stored at −85°C until biochemical analyses were performed.
Levels of A␤ 42 were determined by a commercial enzymelinked immunosorbent assay according to the manufacturer's instructions (Innogenetics, Gent, Belgium). Tau phosphorylated at threonine 181 was determined by an enzyme-linked immunosorbent assay with AT270 for capture as described previously. 21 The CSF concentrations of 24S-hydroxycholesterol were measured by a modified highly sensitive method using combined gas chromatography-mass spectrometry as described previously. 22 All analyses were performed blinded to diagnosis and genotype.
STATISTICS
Genotype and allelic frequencies between patients with AD and control subjects were compared by Pearson 2 tests. Forward and backward unconditional logistic regression analyses were done for the simultaneous assessment of the influence of age, sex, APOE, and CYP46 genotypes on the risk of AD. The estimate haplotype frequencies program was used to test for LD between SNPs. It computes the maximum-likelihood estimates for the haplotype frequencies assuming no association (H0) and allelic association (H1) and calculates the 2 statistic as the 2-fold difference between the log likelihoods. 23 Stages of neurofibrillary tangles and phases of ␤-amyloidosis between groups were compared with the Mann-Whitney (Wilcoxon rank sum) test. Statistical significance was assumed at PՅ.05.
RESULTS
BRAIN ␤-AMYLOID LOAD AND CSF A␤ 42 CONCENTRATIONS
Brain ␤-amyloid load (ie, evolutionary phases [0-4] of ␤-amyloid load) in subjects with the CYP46*TT genotype (n=28) was significantly higher than in CYP46*TTnegative subjects (n = 27) (mean ± SEM, 1.46 ± 0.28 vs 0.48±0.09, respectively; P=.005) (Figure 2A) . The combined presence of 1 or 2 APOE4 alleles and the CYP46*TT genotype was associated with the highest levels of brain ␤-amyloid load, while ␤-amyloid load was intermediate in the presence of either APOE4 or CYP46*TT and lowest in subjects without APOE4 and CYP46*TT alleles (Figure 2B ). In patients with AD, ␤-amyloid load reached maximum levels (phases 3 and 4) with low variances (3.40±0.15; n=21) throughout the sample. Because of this ceiling effect, the sample was ill suited to genotype analysis. The CSF levels of A␤ 42 were significantly higher in patients with AD with the CYP46*TT genotype (n=19) as compared with 20 CYP46*TT-negative patients with AD (0.33 ± 0.03 ng/mL vs 0.24 ± 0.03 ng/mL, respectively; P=.01). Thus, CYP46 polymorphisms affected both CSF levels of soluble A␤ 42 and brain ␤-amyloid load in humans.
PHOSPHO-TAU 181 LEVELS IN THE CSF
The CSF levels of phospho-tau 181 were markedly higher in patients with AD (n = 38) than in controls (n=26) (t test, PϽ.001). Carriers of the CYP46*TT genotype had higher CSF levels of phospho-tau 181 both in AD and in the control groups (F 1 =9.0, P=.004, multifactorial analysis of variance controlled for age, sex, and APOE4 effects). We observed the highest CSF levels of phospho-tau 181 in patients with AD with CYP46*TT (20±2 pg/mL; n=19), followed by CYP46*TT-negative patients with AD (12±2 pg/mL; n = 19), followed by control subjects with CYP46*TT (6 ± 2 pg/mL; n = 10), and followed by CYP46*TT-negative control subjects (3±2 pg/mL; n=15) ( Figure 3A) . Forward and backward linear regression analysis controlled for age, sex, and APOE4 effects showed that this gradual difference was highly significant (r[ standardized ] = 0.62; n = 63; PϽ.001). The additional presence of 1 or 2 APOE4 alleles resulted in the highest CSF levels of phospho-tau 181 in patients with AD (0.024±0.003 ng/mL; n=11), intermediate levels in those carrying either the APOE4 allele (0.017 ± 0.003 ng/mL; n = 12) or CYP46*TT genotype (0.017 ± 0.003 ng/mL; n=8), and lowest levels in those negative for both APOE4 and CYP46*TT (0.006±0.004 ng/mL) (F 3 =6.2, P=.002; age-and sex-corrected analysis of variance) ( Figure 3B ). Post hoc least significant difference tests for pairwise comparisons confirmed statistically significant differences between carriers of both APOE4 and CYP46*TT vs APOE4 carriers only (P=.04), patients carrying neither APOE4 nor CYP46*TT vs those carrying APOE4 only (P=.01), and patients carrying neither APOE4 nor CYP46*TT vs those carrying CYP46*TT only (P = .02). Thus, the CYP46*TT and APOE4 alleles were associated with high CSF levels of phospho-tau 181 both in patients with AD and in control subjects. 
24S-HYDROXYCHOLESTEROL AND CHOLESTEROL LEVELS IN THE CSF
GENETIC ASSOCIATION STUDIES
CYP46 genotype distribution in both samples was as expected under Hardy-Weinberg equilibrium conditions both in patients with AD and in control subjects (PՆ.45 for each comparison). The frequencies of CYP46*TT were higher in patients with AD as compared with control subjects in both samples (60.7% vs 46.1%; P =.049; 58.5% vs 43.0%; P =.02; respectively) ( Table 2 ). The distributions of APOE and CYP46 genotypes were similar in both samples (PϾ.2). We therefore combined the samples and confirmed significant associations of APOE and CYP46 genotypes with AD (both PϽ.001) ( Table 3 In a sample of 334 participants, the frequency of the SERPINA3*A allele was 55.0% in 181 control subjects and 55.2% in 153 patients with AD (P =.95). Neither a significant interaction between SERPINA3 and CYP46 (P=.27) nor LD between SERPINA3 and CYP46 was observed.
COMMENT
There is growing experimental evidence that elevated cholesterol levels may increase amyloid production, 5, 6 possibly by modulating ␣-and ␤-secretase activities in the endoproteolytic processing of amyloid precursor protein. 24, 25 In humans, statins may lower the lifetime risk of dementia. 7, 8 Among all human tissues, the relative concentrations of cholesterol are highest in the central nervous system, possibly because of the large surface-tovolume ratios of brain cells along with their high density. Despite these high concentrations, the mechanisms that regulate central nervous system levels of cholesterol are limited to hydroxylation to 24-hydroxycholesterol by cholesterol 24-hydroxylase. 1 In humans, CYP46 is expressed predominantly in the brain, with messenger RNA mainly found in the gray matter. In situ hybridizations of mouse brains showed abundant messenger RNA in neurons of the cerebral cortex, hippocampus, dentate gyrus, and the thalamus, suggesting CYP46 expression in neurons of brain structures preferentially affected in AD. 1 It is therefore intriguing to speculate that functional alterations of cholesterol 24-hydroxylase may modulate cholesterol concentrations in vulnerable neurons, thereby leading to altered membrane composition and associated changes in amyloid precursor protein processing and in A␤ production.
We observed that brain ␤-amyloid load in subjects with the CYP46*TT genotype was significantly higher than in CYP46*TT-negative subjects. Moreover, the genetic combination of APOE4 and CYP46*TT was associated with the highest levels of brain ␤-amyloid load. In addition, CYP46*TT resulted in elevated levels of CSF A␤ 42 in patients with AD. These observations underscore a possible relationship between cholesterol and brain amyloid formation. Further in vitro experiments (eg, neuronal transfections) should elucidate the role of CYP46 in A␤ generation.
We also observed that CYP46*TT and APOE4 were associated with high CSF levels of phospho-tau 181 in both patients with AD and control subjects. Because threonine 181 of tau is hyperphosphorylated in neurofibrillary tangles in AD and because hyperphosphorylation may precede tangle formation, our findings possibly relate CYP46 and APOE to neurofibrillary tangle formation. Interestingly, Niemann-Pick type C disease, which is caused by disturbances of cholesterol distribution and cholesterol accumulation in neurons, is characterized by hyperphosphorylation of tau and the development of brain tauopathy. 11, 12 Measurements of 24S-hydroxycholesterol in CSF failed to demonstrate significantly different levels among CYP46 genotype groups. Neuronal levels of cholesterol 24-hydroxylase reportedly are decreased in AD and are paralleled by increased levels of cholesterol 24-hydroxylase in reactive astrocytes. 26 In addition, levels of 24S-hydroxycholesterol vary across different severity 27, 28 Therefore, measurements of 24S-hydroxycholesterol in CSF may not be sufficient to determine changes in cholesterol metabolites in neurons. We also observed slightly elevated (yet not significantly different) levels of CSF total cholesterol in demented CYP46*TT carriers. This elevation might mirror CYP46 genotype-dependent differences of brain cholesterol homeostasis in AD and should be further examined in larger samples.
Finally, we demonstrated that the CYP46*TT genotype is associated with the risk of late-onset, sporadic AD in 2 independent populations and observed a genetic synergism between APOE4 and CYP46*TT on the risk of AD. Heterozygous individuals or CYP46*C allele homozygotes were at decreased risk of AD. The SNP rs754203 is located 5Ј to exon 3 of CYP46. Intronic SNPs have been shown to modulate genetic risk of AD, 29, 30 possibly through alternative splicing or altered RNA stability, or through LD with other causal loci. Sequencing of all 15 exons of CYP46 in 40 chromosomes derived from subjects homozygous for either T (n = 20) or C (n =20) alleles failed to identify additional linked exonic SNPs. CYP46 maps to chromosome 14q32.1, 6.4 cM 3Ј of SERPINA3, which encodes ␣1-antichymotrypsin. Because SERPINA3 was previously associated with AD, 15 we determined whether SERPINA3 and CYP46 are in LD and whether SERPINA3 is associated with AD in our sample. The frequency of the SERPINA3*A allele was similar in control subjects and in patients with AD. In addition, neither a significant interaction between SERPINA3 and CYP46 nor significant LD between SERPINA3 and CYP46 was observed. The possibility that CYP46 is a risk gene for AD warrants replication in independent populations from independent groups.
In conclusion, our findings indicate that CYP46 polymorphisms are associated with brain ␤-amyloid load, CSF levels of both A␤ 42 and phospho-tau 181, and the risk of late-onset sporadic AD. Our findings also suggest a synergistic interaction of CYP46 with APOE4 on the risk of AD. Therefore, these data are consistent with the possibility that CYP46 is a novel susceptibility gene for AD.
